Abstract-The transient fields generated during switching operations in gas-insulated substations (GIS) can have rise times in the order of a few nanoseconds. Transient fields, which are developed internally to the gas-insulated modules, leak into the external environment through discontinuities and interfere with nearby electronics. Depending on the configuration of the GIS and the observation point, amplitudes of the electric and magnetic fields could be of the order of a few tens of kilovolts per meter and a few hundreds of amps per meter, respectively. These transient fields, in turn, induce voltages in the control cables and secondary circuit of the instrument transformers, which result in malfunctioning of the primary equipment. In this paper, induced transient voltages in the control circuitry and their frequency spectra have been calculated due to the transient fields, leaking out from the gas-to-air bushing and the gas-insulated bus section of a 245-kV-rated GIS, during switching operations. The effect of the length of control circuit, type of grounding of the cable sheath (both-end/one-end), characteristics of the transient fields, type of secondary circuit (i.e., current transformer/potential transformer) and LC loading of the control circuitry on the induced voltages have been analyzed and reported.
I. INTRODUCTION
I N a gas-insulated substation (GIS), very fast transient overvoltages (VFTOs) are generated mainly due to switching operations [1] . These transient voltages are associated with very fast transient currents (VFTCs) of about a few kiloamps, depending on the location of the switch operated, the substation layout, rated voltage of the substation, distance of the observation point from the switch, etc. [2] . The transient voltages/currents radiate electromagnetic (EM) fields during their propagation along the high-tension (HT) conductor of the gas-insulated equipment as the associated frequencies are in the order of tens of megahertz. These transient fields, in turn, leak into the external environment of the GIS through discontinuities such as gas-to-air bushing, gas-to-cable termination, nonmetallic flanges, nonmetallic viewing ports, etc., and may interact with the nearby control circuitry. Even though the transient field amplitudes, in general, decrease with an increase of distance from the high-voltage (HV) bus, it is very often seen that the electronic equipment are present in the vicinity of the HV equipment of the GIS. This has lead to concern for the compatibility of the electronic equipment with the interfering environment, in which they must operate satisfactorily. Each switching operation produces multiple transient fields, whose magnitude, number, and waveshape vary with the rated voltage of the substation, type/speed of the switch being operated, and electrical characteristics of the high-voltage bus. These electromagnetic (EM) fields contribute to significant radiated fields and couple energy to the control equipment [3] .
The transient fields generated during switching operations induce currents on the metallic sheath of the cable. These transient currents, in turn, develop voltages on the central conductor of the cable via transfer impedance and by a mechanism of the pigtail coupling [4] . Transfer impedance is a characteristic parameter of the control cable and the shielded cables have lower transfer impedance. Pigtail coupling is the inductive coupling between the metallic sheath termination (pigtail) and the load circuit of the cable. The induced voltages at the control cable terminals appear across the relays, integrated circuits (ICs), sensors, etc., of the secondary circuit and result in malfunctioning of the primary equipment. Alternatively, the transient fields may interact with the control wiring connected between the primary and secondary equipment, which result in transient voltages in the control circuitry of the GIS [3] - [5] .
In this study, induced voltages have been calculated on the control cables with both-end/one-end grounding of the cable sheath. In the first phase of the study, induced voltages have been calculated in the control circuitry for the entire frequency range, by assuming fixed transient field levels. This exercise will be helpful to understand the effect of frequency content of the transient fields on the induced voltages in the control circuitry. The influence of type of the control circuit and LC loading of the same on the voltage levels have been analyzed. Finally, the induced voltages are calculated at the load circuit of the control cables/wiring due to the transient field emission from the GIS modules. The dominant frequency components of these voltages have also been reported.
II. TRANSIENT FIELDS IN A 245-kV GIS
The transient field emission levels from the gas-insulated bus section through the nonmetallic flange of the support insulator and from the gas-to-air bushing through the composite insulator housing, in a 245-kV GIS, have been quantified for very fast 0885-8977/$25.00 © 2007 IEEE transient currents generated during switching events [6] . For the calculation of these currents, a 245-kV GIS of segregated phase configuration is considered. The nonmetallic flange need not necessarily be a part of the support insulator, but also could be an insulated flange of the current transformer or the gas-to-cable termination. To calculate the emission levels from the bus section, the transient current waveform at the disconnector switch (DS) during its operation has been considered as an excitation to the bus section model. Similarly, for the computation of the emission levels from the gas-to-air bushing, the transient current waveform obtained at the GIS-bushing junction [2] , during a switching operation in the 245-kV GIS, is considered as excitation to the bushing model. For the estimation of emission levels, a numerical model using a modified finite-difference time-domain (FDTD) technique, was developed for the 245-kV-rated gas-insulated bus section and the gas-to-air bushing [6] . In GIS, the time-varying E-field waveforms are found to be oscillatory unlike in conventional substations [7] . Fig. 1 shows the transient fields leaking out from the gasinsulated bus duct and the gas-to-air bushing modules during switching operations. From the figure, it is seen that the radial and axial E-field levels computed for the bus section model, at a radial distance (R) of 3 m, axially located at the middle of the bus section and just above the ground plane are 5.47 and 24.14 kV/m, respectively. It is important to note that the transient field levels change in the axial direction also. The highest radial and axial E-field levels computed for the bus section model at a radial distance of 3 m are 22.5 and 27.6 kV/m, respectively. These field levels are obtained at an axial distance of 0.5 m from the middle of the bus section. Similarly, the radial and axial E-fields leaking out from the bushing at a radial distance of 2 m and just above the ground plane (H) are 7.13 and 19.6 kV/m, respectively. The field levels, computed with a metallic structure on the ground plane, are found to have significant enhancement, which are 22 and 53.4 kV/m, respectively [7] . The average E-field enhancement factor is about 2 to 4, depending on the observation point and the frequency content of the transient fields. Fig. 2 shows the control cable used for the present study. The induced current is calculated, by assuming the control cable/ sheath as a distributed transmission line. The transients in the control cables can be quantified in terms of the radial E-field along the terminations and axial E-field along the sheath. The solution is obtained by integrating the responses due to infinitesimal voltage sources produced by the transient fields along the terminations and the sheath. The following equation is being evaluated based on the above voltage sources [8] :
III. INDUCED TRANSIENTS ON CONTROL CABLES
The multiplication factor is considered to represent the image of the cable sheath. Induced current obtained from (1) The product of the transfer impedance and the induced current on the cable sheath, integrated over the length of the cable, produces induced voltage on the central conductor of the cable. The assumption of the constant field levels all along the cable may not be valid for longer lengths. Hence, attenuation of the transient field levels with distance has been considered to understand its effect on the induced voltage levels in the control circuitry of the substation. The transient field levels are found to be attenuating with distance at the rate of [9] . This attenuation factor is more appropriate in the GIS. Here, the cable/wiring is considered to be located at different distances from the transient electromagnetic-interference (EMI) source.
A control cable with the following specifications is being considered for the study [4] . 
A. Induced Currents in the Control Cable Sheath
The substation environment, in general, illuminates with both axial and radial E-fields during a switching event. In the initial phase of the study, the radial and axial E-field levels are assumed to each be 10 kV/m and are constant for the entire frequency range of the transient fields (i.e., 1 to 300 MHz). The transient current magnitude due to the axial E-fields decreases with an increase in frequency for both-end grounding of the cable sheath and increases with an increase of frequency for one-end grounding of the cable sheath (see Table I ). Interestingly, there is a crossover frequency below which both-end grounding of the cable sheath gives higher transient currents and above which one-end grounding of the cable sheath gives higher currents. For a 1 m length of the cable, this frequency is found to be around 50 MHz. Depending on the length of the cable, there is a resonant frequency, beyond which the inductive reactance dominates the capacitive reactance of the cable sheath. Thus ,   TABLE I  HIGHEST INDUCED CURRENT IN CABLE SHEATH DUE TO TRANSIENT FIELDS beyond this frequency, current magnitude decreases with an increase of frequency of the transient fields, irrespective of the type of grounding of the sheath. For the radial E-fields, the induced current increases with an increase of the frequency. This is true up to the resonant frequency, for both types of grounding of the sheath. For both-end grounding of the sheath, the incident current contributed by the voltage sources along the grounded terminations (at either end of the sheath) cancel out each other and result in a lower current level compared to the one-end grounding of the sheath. This cancellation effect further leads to an increase in the current magnitude with an increase of frequency. The induced currents due to radial E-fields are found to be less than that due to the axial E-fields for 0.02-m height of the cable sheath above the ground. Fig. 3 shows the transient current in a control cable sheath due to the combined fields (i.e., both axial and radial fields). Beyond the resonant frequency, the transient current produces a standing wave pattern along the length of the cable. From this figure along with Table I , it is evident that the induced current on the sheath due to combined fields is observed to be almost the same as that due to the axial E-fields, for 0.02-m height of the sheath above the ground. Interestingly, with an increase in height of the cable above the ground, there is a specific frequency, beyond which, the induced current contributed by the radial E-fields is more compared to that of the axial E-fields. More clearly, at smaller heights of the cable above the ground, the axial E-field level dictates the current magnitude for the entire frequency range of transient fields. With increasing height of the cable, current magnitude due to radial E-fields becomes significant. This may be due to the fact that the incident voltage/current caused by radial E-field increases with an increase of height of the cable. For one-end grounding of the sheath below the crossover frequency, induced current increases with an increase of length of the cable. This may be due to a significant increase in the induced current contributed by the axial E-field.
B. Induced Voltages in the Control Cable Circuitry
The transient currents induced on the metallic sheath of the control cable, in turn, develop voltages on the central conductor of the cable depending on its transfer impedance. Interestingly, there is a crossover frequency for the cable, below which the induced voltage for one-end grounding is lower than that for the both-end grounding of the cable sheath [shown in Fig. 4(a) ]. This frequency level decreases with an increase of height of the cable above the ground and one-end grounding of the cable sheath tends to become ineffective for the GIS application. The resonant frequencies of the cable are observed to be a function of the type of the grounding of the sheath, length of the cable, and the electrical characteristics of the cable/cable sheath. Further, the induced voltage levels at these frequencies depend on the attenuation loss offered by the cable sheath and the attenuation of the transient fields with distance. The poles in the transient current waveform (or resonant frequencies) occur at multiples of 150/L MHz (L is length of the cable in meters). Induced voltage levels at these frequencies are reduced considerably due to a small mismatch of the control cable terminal impedance. In order to understand the effect of length of the cable on the resonant frequencies as well as the induced voltage levels, a calculation has been made for a 5-m length of the cable. Fig. 4(b) shows the voltage waveform for both types of grounding of the sheath. With an increase of the length of the cable, the crossover frequency level decreases and the number of resonant frequencies increases. At lower resonant frequencies, the induced voltage for both-end grounding of the cable sheath is at considerable level, even though the transfer impedance is low. This may be because of the higher induced current on the cable sheath. At higher resonant frequencies (i.e., beyond 100 MHz), the induced voltages are high for both types of grounding, due to higher transfer impedance of the cable along with the marginal current levels. For attenuating fields, both-end grounding of the cable sheath gives slightly higher transient voltages at some of the resonant frequencies. This may be due to nonuniform voltage distribution along the sheath. From the analysis, it is also clear that the reduction in induced voltage levels due to the attenuating fields is of the order of 10 to 20 dBmV, depending on the type of grounding of the cable sheath.
C. Transient Voltages in Cable Circuitry of a 245-kV GIS
Based on the induced voltages obtained from different configurations of the control cable for the fixed transient field levels, it has been proposed to calculate the transient voltages due to the transient field emission from the 245-kV GIS [see Fig. 1(a) ]. For the calculation of induced voltages, the time-varying E-field waveforms (both radial and axial) have been transferred into the frequency scale, which consist of both real and imaginary parts. The response of the control cable sheath has been calculated for these input data at each frequency step. To calculate the time-varying voltage waveform, the frequency spectrum of the transient voltage has been converted back into the time scale, using the inverse fast Fourier transform (IFFT) technique. The transient voltages have been calculated for both types of the cable sheath grounding and it has been observed that the transient voltages at the cable terminals are in the range of few tens of volts to a few hundreds of volts (Fig. 5) . In order to understand the frequency content of the transient voltages, frequency spectra are calculated for the voltages obtained from different control circuits (see Fig. 6 ). From Figs. 5 and 6, it is seen that one-end grounding of the cable sheath gives higher transient voltages than both-end grounding of the sheath and the effect is high for longer lengths of the cable. This may be due to: 1) one-end grounding of the sheath results in higher voltages than both-end grounding, beyond crossover frequency and 2) a decrease in crossover frequency of the cable with an increase of the length of the cable. More clearly, for longer lengths of the cable with one-end grounding of the sheath, induced voltage waveform is associated with the frequency content of the order of a few megahertz also. At the same time, for both-end grounding of the sheath, the highest current magnitude is more or less the same with an increase of the length of the cable. However, the current variation along the sheath becomes oscillatory beyond the resonant frequency and, hence, results in only a marginal increase in the voltage levels.
IV. INDUCED TRANSIENT VOLTAGES IN THE SECONDARY CIRCUIT OF INSTRUMENT TRANSFORMERS
In an electrical substation, instrument transformers [i.e., current transformers (CT) and potential transformers (PT)] are used to measure the system current and voltage, respectively. These transformers are also used for the protection of the substation equipments. Thus, the secondary terminals of these transformers are connected to the control circuitry of the GIS. The transient fields induce voltages in the control wiring, connected between the instrument transformers and the electronic equipment, such as relays, the data-acquisition system, processors, ICs, etc. This may result in significant voltages at the load circuit of the control wiring, depending on the frequency response of the above equipment. In the present study, the CT and PT wiring with various source/load conditions have been considered to simulate induced voltages in the control circuitry present within the GIS. Fig. 7 shows the control wiring used in the study. To calculate induced voltages, (1) has been modified by changing the multiplication factor, k as 1 for the control wiring configuration versus 2 for the control cable configuration. Terminal impedance of the control circuitry changes with the application of the wiring (i.e., for the CT or for the PT). Control wiring with the following specifications is considered for the study. The source and the load resistance of the control wiring for the CT secondary circuit are considered to be 10 and 1 , respectively. Thus, the CT control circuit is closer to both-end grounding of the wiring. In the first phase of the study on the control wiring, the radial and axial E-fields are considered to be 10 kV/m for the entire frequency range. Fig. 8(a) shows the transient voltage at load terminals for 1-m length of the circuit. From this figure, it is seen that the induced voltage decreases with an increase of the frequency except at a resonant frequency of about 152 MHz (depending on the length of the wiring). This may be due to the fact that the current magnitude decreases with an increase of frequency. Even though the phenomenon is more or less the same with increased length of the wiring, induced voltages are found to be rich with a greater number of resonant frequencies [see Fig. 8(b) ]. Interestingly, there is a considerable change in the transient voltage level because of the presence of stray inductance (1 H) in series with the source/load resistance and stray capacitance (10 pF) across their terminals. Due to the inductive and capacitive (LC) loading, the induced voltages increase with an increase of the frequency and the amplitudes at resonant frequencies increase significantly [see Fig. 8(c) ]. Induced voltage levels at a few megahertz also change considerably due to the presence of the above inductance. This may result in a both-end open system for a certain frequency band of the transient fields. At very high frequencies, the stray capacitance offers a low impedance path and the control circuit again becomes close to the both-end grounding system. Further, the reduction in voltage levels due to the attenuating fields is in the order of 10 to 12 dBmV, depending on the frequency content of the transient fields [see Fig. 8(d)] .
The source and the load resistance of the control wiring for the PT secondary circuit are considered to be 1.5 and , respectively. Thus, the potential transformer control circuit is closer to the one-end grounding of the wiring. Fig. 9(a) shows the induced voltage at the load terminals for 1-m length of the wiring. From this figure, it is seen that the induced voltage experienced by the load circuit is constant up to a few tens of megahertz and beyond that, the voltage level decreases with an increase of frequency. At the same time, there is a possibility of resonant frequencies of 76 and 228 MHz. With increased length of the wiring, the phenomenon is more or less the same except that the greater number of critical frequencies are present [see Fig. 9(b) ]. For the PT circuit, it is seen that the transient voltage level increases with an increase of the load resistance. As a matter of fact, the load impedance of the PT secondary circuit is highly dependent on the connected electronic equipment. Moreover, depending on the requirements (i.e., either for metering or protection or control), the load resistance could be as high as . Interestingly, the induced voltage may not change significantly at low frequencies (say, less than a few megahertz) due to the presence of stray inductance in series with the source/load resistance of the control wiring [see Fig. 9(c) ]. However, there is a considerable change in the voltage levels for high-frequency transient fields due to the LC loading at the high-resistance termination of the PT control circuit. Further, the reduction in induced voltage levels due to attenuating E-fields is of the order of 20 dBmV, depending on frequency of the transient fields [see Fig. 9(d)] . Fig. 10 shows the transient voltages induced in the secondary circuit of the instrument transformers due to the transient field emission from the bus section [see Fig. 1(a) ]. From the study, the following results are obtained.
A. Transient Voltages in the Control Wiring Circuitry of the 245-kV GIS
1) Transient voltages in the secondary circuit are more for the potential transformers than for the current transformers . This may be due to: 1) high terminal resistance of the system and 2) capacitance of LC loading offers a low-impedance path for the induced transients, whose frequency components are in the order of a few tens of megahertz. 4) The reduction in the induced voltages, due to the attenuating E-fields, is more for the PT control circuit than for the CT control circuit [see Fig. 10(c)-(f) ]. This may be due to the fact that the E-field levels appearing at the high-resistance termination of the PT control circuit are low for the attenuating fields. To understand the variation in frequency content of the induced voltages due to the transient fields, frequency spectra of these voltages have been calculated and are shown in Fig. 11 . For the PT secondary circuit, the transient voltage frequency content is limited to 74.5 MHz, irrespective of the circuit configuration. This may be due to the fact that the capacitance of the LC loading becomes effective at approximately 40 MHz for 1-m length of the wiring and, hence, the induced voltage contribution decreases beyond this frequency. At the same time, for the CT control circuit, the transient voltage waveform is associated with high-frequency content due to inductive reactance of the LC loading. For both CT and PT control circuits, the change in frequency content of the transient voltages, with an increase in the length of the wiring, is found to be significant. This may be due to the fact that there is a change in the resonant frequencies and, at the same time, a number of these frequencies increases with an increase in the length of the wiring. In order to understand the effect of transient field characteristics on the induced voltages, transients in the control circuitry have been calculated due to the field emission from the following GIS models [6] , [7] :
Model-I: For a bushing model, at , radial and axial E-fields are 7.13 and 19.6 kV/m, respectively; Model-II: For a bushing model, at , radial and axial E-fields are 14.5 and 27.7 kV/m, respectively; 
Model-III:
For a bus section model, at , axially at the middle of the bus section, radial and axial E-field levels are 5.47 and 24.14 kV/m, respectively; Model-IV: For a bus section model, at , axially at 0.5 m from the middle of the bus section, radial and axial E-fields are 22.5 and 27.6 kV/m, respectively. Table II shows the transient voltage levels for different configurations of the instrument transformers control circuitry. Based on the above study, the following features can be considered while designing control wiring/circuitry for a GIS. with an increase of the length of the wiring.
3) The influence of the LC loading on the induced voltage levels depends on the characteristics of the transient field emission from the GIS modules and is more for the CT secondary circuit than for the PT secondary circuit. 4) The increase in inductance of the current transformer secondary winding may increase the induced voltage levels. 5) The transient field level tangential to the control wiring present in the GIS shall be maintained as low as possible, to limit the induced voltages in the control circuitry.
V. CONCLUSION
The induced transient currents/voltages in the control cable depend on the terminal impedance of the system, length of the control circuit, height of the cable above the ground plane, characteristics of the transient fields, and type of grounding of the cable sheath. There is a crossover frequency depending on the length and height of the cable above the ground plane, below which both-end grounding of the cable sheath gives higher transient voltages than one-end grounding of the cable sheath. The number of critical frequencies increases with an increase of the length of the control circuit. Transient voltages experienced by the control cable circuit are in the order of a few tens of volts to a few hundreds of volts depending on the characteristics of the cable (height, length and transfer impedance) and type of grounding of the cable sheath. The transient voltages appearing at the secondary circuit of the instrument transformers are in the order of a few kilovolts, characterized by the type of control circuit and are more for the potential transformers than for the CTs. The reduction in the induced voltage levels due to the attenuating transient fields is more for the PT secondary circuit than for the CT secondary circuit. Dr. Singh has been published in many research publications in various national and international journals and conferences.
